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ABSTRACT: Friction welding, eco-friendly welding is widely popular for joining dissimilar joints. This 
solid-state welding process eliminates the smoke, fumes, fluxes caused by the fusion welding process. In 
this work, the aluminium 6063 and stainless steel 304 was joined through rotary friction welding process 
with flat faying surfaces as per Taguchi L9 orthogonal array with friction pressure (FP), upset pressure 
(UP), and friction time (FT) were the major parameters and then the optimized parameters were identified 
with grey relational analysis (GRA). The heat-affected zone during friction welding was narrow to 15-20 
microns during the friction welding process; it improves the weld interface strength and showed good 
bonding between the metals. The dissimilar weld joints were tested for axial shortening, tensile and yield 
strengths, % elongation, peak load, and hardness along the weld zone. A maximum of 97% joint efficiency 
was obtained for the 96 experiment with 18 MPa FP. The increase in FP also increases in tensile strength 
of the dissimilar joint. Through this investigation, it is known that the axial shortening can be made within 
the limit if we main the welding parameters. 
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INTRODUCTION 

Conventional welding engages many 
applications in the industries though it emerges 
hazardous fumes and particles during the welding 


step-by-step. The significance of FW is to join 
different kinds of dissimilar metals that mean the 
joining between AA-SS, Alumina-SS, copper- 


process. Some of the popular welding techniques 
are arc, TIG, MIG, gas welding, etc. Friction welding 
(FW) is a solid-state process and it will not melt 
the parent metals during the joining step. 
Generally, FW is a process of occupational safety 
and health than in the case of conventional 
welding methods, so it is called eco-friendly and 
economical welding for joining similar/dissimilar 
metals. FW methods have numerous economic and 
technical advantages since it has high efficiency 
and weld stability. Comparatively, this technique 
eliminates the time consumption for joining the 
cylindrical components, energy utilization and 
hazardous gases than the arc welding techniques. 
Here, the principle of FW consists of a rotary 
specimen and_ reciprocating specimen and 
generates frictional effects between them during 
the process and allow them to be joined below its 
melting point with no other external sources [1]. 
The process of friction welding consists of mainly 
three steps rotate the part, Generate friction and 
Apply force. Figure 1 furnishes the details about 
the FW process and how it joints the materials 


aluminium, SS-MS etc...which combinations are 
not possible by other welding processes and it has 
a very narrow heat-affected zone which is the 
main significance of FW. 
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Figure 1 Concept of the friction welding process 


The formation of FeAl3, Fe2Al5 phase may be 
possible while joining the aluminium alloy with 
stainless steel, through the friction welding 
process, at the contact surface intermetallic metal 
formation on dissimilar joint [2,7]. Welding of 
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dissimilar metals by fusion welding techniques is 
not recommended by the traditional welding 
process like arc, gas etc... as the different chemical 
compositions of metals are to be joined [3, 9]. That 
means the fusion welding process forms brittle 
intermetallic compounds in the welded metal joint 
of the inter-surface [4]. FW process with Silver and 
Nickel interlayer for dissimilar joining of Al-SS has 
been used. Literature recommended that friction 
time (FT), friction pressure (FP), upset pressure 
(UP), and rotational speed (rpm) are the 
influencing parameters in FW. The formation of 
Fe-Al-based intermetallic can have a direct impact 
on the properties of weld joint [5-10]. After the 
welding, the works have to be done for 
characterization to check the stability of the joint 
[11]. In this work, AA6063-SS304 dissimilar joints 
were fabricated through the friction welding 
process and mechanically characterized to study 
the weld quality and also the effect of welding 
parameters was studied. This study is needed for 
industries to identify the minimum parameters 
required for good joints. The welded joint 
properties were analyzed with the Taguchi 
method by using Minitab software [12-14] and by 
the grey relational analysis technique (GRA). 


2. MATERIALS AND METHODS 

The materials for the study are AA6063 
aluminium and SS304 stainless steel. The tensile 
strength for both AA6063 and SS304 are 195 MPa 
and 485 MPa_ respectively. The chemical 
composition of the base materials was verified 
with optical emission spectroscopy (OES) and the 
details are given in Table 1. The experiments were 
carried out between the cylindrical rods (Figure 2) 
of having 612 mm x 100 mm length using rotary 
type FW machine, as per the procedure shown in 
Figure 3. The welding parameters chosen are FP 
(MPa), UP (MPa), FT (sec.), upset time (sec.) and 
rotational speed (rpm). Table 2 shows their values 
corresponding to the process parameters. By using 
the above parameters, the dissimilar metallic joint 
of AA6063 and SS304 are welded successfully at 
different experiments obeying L9 orthogonal array 
as in Table 3. Figure 4 shows the friction-welded 
dissimilar joints with the weld flash. Here the 
penetration of AA6063 onto the material SS304 is 
clearly shown in Figure 5a. Whereas, Figure 5b has 
the image of the welded joint after the machining, 
in which the weld interface is visible. 


3. RESULTS AND DISCUSSION 
3.1. Tensile Properties 


During the joining between AA6063 and SS304, 
the formations of Fe2Als & FeAls phases 
(intermetallics) are possible while bonding. The 
Fe2Als and FeAls may make the SS304 weaker 
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metal, so the analysis for the welding behaviour is 
needed and was made by the tensile test on the 
weld interface [15]. Tensile testing is performed to 
analyze the fracture strength of the welded joints 
[16]. The tensile strength of friction weld is 
increasing when FP increasing. The maximum 
tensile strength of 189 MPa is an exhibit on the 
joint of the weld with the FP of 18 MPa, UP of 21 
MPa and the FT of 7 sec. The longer friction time 
generated more heat and it made the plastic 
deformation on dissimilar joints of Al-SS. Hence, 
the FW process forms the intermetallic low. The 
less friction time is not capable to generate the 
required temperature to the formation of a good 
weld interface. 


The minimum tensile strength 154 MPa 
exhibited on the weld interface for the FP of 12 
MPa, UP of 18 MPa and FT of 3 sec. if there is an 
increase in the FP and FT, the weld joint’s strength 
would be increased. The maximum elongation and 
yield strength were recorded as 12% for 
experiment no. 2 and_ experiment no9 
respectively. Figures 6 and 7 show the results 
obtained during the tensile property testing with a 
universal testing machine. Figure 7 gives a 
comparison of friction welded joint efficiency at 
different experiments. Thus, the effect of friction 
pressure is examined. When the friction pressure 
increases, the strength of the weld also increases 
co-relationally. Friction welding joint efficiencies 
were calculated and shown in Figure 8 for all nine 
experiments based on the tensile strength of joints 
obtained during testing. Joint efficiency means the 
ratio of the strength of the weld joint to the 
strength of soft base metal-AA6063 (195 MPa). 
The maximum peak load was around 12 KN for the 
9th experiment. The peak values are given in 
Figure 9. 


100mm 
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Figure 2 Weld specimen for friction welding 
experiment 
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Figure 3 Friction welding experiment 
in this study 
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Table 1: Composition of base metals (Wt. %) 


0.5Si, 0.04Mn, 0.02Cu, 0.026Fe, 0.061Zn, 
AA6063 ; 
0.41Mg, 0.02Ti, 0.009Cr, 98.58 Al 
0.023C, 0.38Si, 1.43Mn, 0.034P, 0.009S, 
SS304 ; 
19.15Cr, 8.09Ni, balance Fe. 


Table 2: Welding Parameters for the Study 
Level 


Friction pressure FP 
(MPa) 12 15 18 
Upset pressure UP 
(MPa) 15 18 21 
Friction time FT (sec.) 3 5 7 


* But, Rotational speed =1125 rpm, Upset time = 
3sec. are constant 


Table 3: Number of experiments as per L9 
orthogonal array 


=a 12 12 3 
2 12 18 5 
3 12 21 7 
4 15 15 5 
5 15 18 7 
6 15 val 3 
7 18 15 7 
8 18 18 3 
9 18 21 5 


Table 4: Experimental Parameters with S-N 
ratio for the responses 


12 | 15 | 3 | 43.750 37745. 
2 12} 18 | 5 44.137 36.903 
3 12 | 21 | 7 43.862 36.200 
4 15) 15 | 5 44.558 37.065 
5 15 | 18 | 7 44.350 36.709 
6 15} 21 3 44.454 36.524 
7 18 | 15 7 45.390 36.630 
8 18 | 18 | 3 45.008 36.587 
9 18 | 21 5 45.529 37.061 


* Where C1 is FP in MPa, C2 is UP in MPa, 
C3 is FT in sec 
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3.2 Microhardness Test 


The hardness test is made on the welded 
interface (WI) of dissimilar joints. The micro 
Vickers hardness at the WI of the SS side is higher 
than that of the base side (BM) and the heat- 
affected zone (HAZ) is less than WI and higher 
than the base side high due to the formation of 
ultra-fine grains nearby WI due to frictional force. 
For the SS side, the hardness decreases from the 
WI side to the BM side and whereas, for the AA 
side, the hardness increases from WI to BM as soft 
nature of the WI side of AA due to huge frictional 
effect. Figure 10 shows the microhardness values 
measured using a Vickers hardness machine with 
500 gm and 15 sec. dwell time. The temperature is 
raised when the FT and FP increase. 


3.3. Optimization Results 


Taguchi analysis is used and popular to find out 
the optimized process parameters in engineering 
applications [17]. Table 2 is about the parameters 
and their levels for optimization. There are 3 
factors and three levels. So it is better to follow the 
L9 array for the different experiments and is in 
Table 3. Equation 1 is for the signal-to-noise ratio. 


S/N = -10 *log (1/y2) (1) 


Mintab18.0 software was used for generating 
the Taguchi analysis and for calculating the S/N 
ratio responding to the ultimate tensile strength 
(UTS) and hardness values (Hv) of the joints 
fabricated. S-N ratio for tensile and hardness of the 
joints can be calculated with Minitab software 
(Table 4) and it is further distributed into grey 
relational analysis for obtaining the best 
parameter. 


In grey relational analysis (GRA), the coefficient 
and the grades were calculated and reported in 
Table 5. But, in Grey Relational Generation (GRG), 
the mechanical properties like tensile and yield 
strength and hardness are under the larger the 
better category. It can be given by equation 2, 
where m is the no of experiments and n is for 
indicating the number of factors. i=1,.....m, 
k=1,2,3,...n, yi(k)= “original sequence” but yi*(k) is 
for “after gray relation generation”, min yi(k) is 
the minimum value of yi (k). But max yi(k) is the 
maximum value of yi (k). Similarly, the grey 
relational grade (GRG) is the average of grey 
relation coefficients (GRC) as per equation 3. 


yi*(k) = (yi*k) - (min yi*k) / (max yi*k)- (min yi*k) (2) 
r= 1/n Yilk) (3) 


By using grey relational analysis the 
complicated analysis would be successfully 
optimized and can find out the good optimum 
parameter. As far as the grey relational analysis is 
concerned, experiment no 3 is the best friction 
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welding followed by experiments 1 and 6. The testing results were used for the analysis of grey 
impact of FW parameters and their outcome are relational grades and ranks. The 18 MPa FP is not 
shown in Table 5. The Hardness (Hv) and tensile to have much impact on this study as per Table 5. 


Table 5: Grey Relational Grade and the Rank of all nine experiments 


1 43.750 | 37.745 1.00 0.00 0.00 1.00 1.00 0.33 0.67 2 
2 44.137 | 36.903 0.78 0.54 0.22 0.46 0.70 0.52 0.61 4 
3 43.862 | 36.200 0.94 1.00 0.06 0.00 0.89 1.00 0.94 1 
4 44.558 | 37.065 0.55 0.44 0.45 0.56 0.52 0.47 0.50 7 
5 44.350 | 36.709 0.66 0.67 0.34 0.33 0.60 0.60 0.60 5 
6 44.454 | 36.524 0.60 0.79 0.40 0.21 0.56 0.70 0.63 3 
7 45.390 | 36.630 0.08 0.72 0.92 0.28 0.35 0.64 0.50 8 
8 45.008 | 36.587 0.29 0.75 0.71 0.25 0.41 0.67 0.54 6 
9 45.529 | 37.061 0.00 0.44 1.00 0.56 0.33 0.47 0.40 9 
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Figure 6 Tensile and yield strength for the joints 
welded at various parameters 


Figure 4 Friction welded joints as per 


the welding conditions in Table 3 Elongation 
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Figure 7 Elongation of the various welding 
Figure 5 Friction welded specimen before experiments 
machining (a), after machining (b) 
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Figure 8 Joint efficiency of different 
Experiments 
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Figure 9 Peak load observed 
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Figure 10 Microhardness distribution along 
SS304 and AA6063 sides 


4. CONCLUSION 


In this study, the rotary friction welding was 
carried out with different parameters to make a 
perfect joint between SS304 and AA6063 
dissimilar metals and the effective welding 
conditions on the tensile and _ Vickers 
microhardness properties were analyzed. The 
method of L9 array cum GRA was_ used 
successfully for optimizing the multi 
properties/responses of the welded joints. 
Tensile, hardness, %elongation, peak load and 
joint efficiency of the welded joints were 
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estimated. The maximum tensile strength and the 
elongation obtained were 189 MPa (with a high 
yield of 183 MPa) and 12% respectively. The joint 
efficiency was in the range of 79-97 % with a 
maximum of 97% for 18 MPa FP. The joint 
efficiency was increased with the increase of 
friction pressure (FP). However, the hardness 305 
Hv was recorded in SS-heat affected zone and 56 
Hv in AA-heat affected zone. The hardness 
increased nearby the weld zone than the parent 
zone on the AA6063 side, but on the SS304 side, it 
was vice versa. Experiment 3 is the rank 1 and the 
optimized value identified as FP 12 MPa, UP 15 
MPa and 7sec FT. As per the results of the analysis, 
the welding parameter shows much importance 
on the outcome. 
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